Stoichiometric FeRh undergoes a temperature-induced antiferromagnetic (AFM) to ferromagnetic (FM) transition at $350 K. In this Letter, changes in the electronic structure accompanying this transition are investigated in epitaxial FeRh thin films via bulk-sensitive valence-band and core-level hard x-ray photoelectron spectroscopy with a photon energy of 5.95 keV. Clear differences between the AFM and FM states are observed across the entire valence-band spectrum and these are well reproduced using densityfunctional theory. Changes in the 2p core levels of Fe are also observed and interpreted using Anderson impurity model calculations. These results indicate that significant electronic structure changes over the entire valence-band region are involved in this AFM-FM transition.
The FeRh stoichiometric alloy has recently emerged as a subject of intense theoretical [1] [2] [3] [4] and experimental [5] [6] [7] [8] study because of its possible application in thermally assisted magnetic recording (TAMR) [9] [10] [11] . The key property of FeRh which is instrumental for TAMR is a temperature-induced metamagnetic transition from antiferromagnetic (AFM) order to ferromagnetic (FM) order that occurs slightly above room temperature ($ 350 K) [12] .
Although the existence of this transition in FeRh was first reported in 1938 [12] , the origin of this phenomenon is still under debate. Early low-temperature specific heat measurements [13] reveal a substantial difference of the Sommerfeld coefficient between FM and AFM samples, which suggests an increase in the electronic density of states (DOS), ðEÞ, near the Fermi level (E F ), a conclusion later supported by a first-principles theoretical study [14] . This difference in leads to a difference in electronic entropy which has been suggested to drive the transition [14] . However, a recent surface-sensitive soft x-ray photoemission study reveals very little modification of the electronic structure in the valence-band region or in selected core-level spectra on passing through the transition (see, e.g., Fig. 3 of Ref. [8] ). These photoemission results thus could imply that mechanisms other than electronic entropy changes [3] near E F may be responsible for driving this transition. In fact, alternate mechanisms such as spin-wave excitations [3] and an inherent instability of the Rh magnetic moment [2, 4] have recently been proposed in theoretical studies, with some indications from heat capacity of this being observed experimentally [15] . It is also possible that the transition is driven and/or accompanied by more than one such phenomenon, and/or may involve significant changes over the entire valence-band region that have not yet been observed.
In connection with the soft x-ray photoemission study quoted above [8] , these measurements were intrinsically very surface sensitive, limited in depth by electron inelastic mean free paths (IMFPs) [16] , and probing, on average, only 4-6 Å into the solid at the photon energies between 35 and 63 eV which were used for the valence-band measurements. As an alternate approach that we use here, bulk sensitivity can be enhanced in photoemission by performing the measurements at higher photon energies, thus imparting larger kinetic energies to the photoemitted electrons, with resulting longer IMFPs [16] [17] [18] . In particular, we have used hard x-ray photoemission spectroscopy (HAXPES or HXPS) with a photon energy of 5.95 keV to investigate the bulk electronic properties of a very nearly stoichiometric epitaxial film of composition Fe 0:98 Rh 1:02 . The resulting IMFPs and therefore the average probing depths are $60
A [16] , corresponding to about 20 unit cells and ensuring a more truly bulk-sensitive measurement. Based on numerous prior experimental and PRL 108, 257208 (2012) P H Y S I C A L R E V I E W L E T T E R S week ending 22 JUNE 2012 0031-9007=12=108(25)=257208(5) 257208-1 Ó 2012 American Physical Society theoretical studies, these IMFP estimates should also be accurate to within AE10%-20% [16] [17] [18] . The FeRh film was grown epitaxially by magnetron sputtering from an equiatomic FeRh target onto an a-SiO x =Si substrate coated with ion-beam assist-deposited MgO (IBAD MgO) at 573 K [19] ; this IBAD growth produces a biaxially textured MgO film onto which the epitaxial FeRh sample could be grown. The sample thickness was $2000
A and was postannealed for 2 hours at 873 K. The composition of the film was determined via Rutherford backscattering measurements (see Fig. 1c of the Supplemental Material for this Letter [20] ) and corelevel HAXPES analysis and found to be very near stoichiometric, at Fe 0:98 Rh 1:02 , and the film was shown to be epitaxial by four-circle x-ray diffraction ( [19] and Figures 1 (a, b ) of Ref. [20] ). Mössbauer spectroscopy measurements further showed only the expected CsCl (B2) order. Temperature-dependent magnetization data verified the magnetic states of the film, and a transition temperature T AFM!FM of 362 AE 8 K (Figure 1d of Ref. [20] ).
HAXPES measurements were carried out at two synchrotron radiation facilities: SPring-8 in Hyogo, Japan, using the undulator beamline BL15XU [21] , and a VG Scienta R4000 hemispherical analyzer, with an overall energy resolution of 230 meV, and measurement at two temperatures of 300 K, corresponding to the AFM phase, and 360 AE 5 K (the maximum allowable with the sample manipulator), and at PETRA III, Beamline P09, in Hamburg, again with the same spectrometer but with lower energy resolution at $350 meV and cryogenic cooling to 20 K and higher temperature heating, to 400 K, so as to more certainly span the transition completely. Although the high temperature in the Spring-8 measurements was very near the transition temperature, by comparing the two sets of data in a self-consistent way (see Figure S2 (a), (b) in Ref. [20] ), we are certain that we were at least halfway through the transition in these higher resolution measurements, and we focus on them in this Letter. Additional comparisons of the two sets verify all of the changes on passing the AFM-to-FM transition seen in the data presented here, and we can thus be certain that the data presented here directly reflect the electronic structure that is intrinsic to each of the two magnetic phases. In Fig. 1 (a) we present some of these results, for the valence band region, along with Fe 2p core-level data collected simultaneously to be discussed later. There are clear changes in the valence band, as well as in core-level spectra in going through the AFM-to-FM transition.
Our valence photoemission results were compared to calculations carried out using the density-functional theory (DFT) plane-wave pseudopotential code VASP [22] , with additional details in the Supplemental Material [20] . We have assumed a perfectly ordered FeRh alloy for computational simplicity, with lattice constants derived from theory and our x-ray diffraction data, and allowing also for the tetragonal distortion occurring in the AFM phase, as well as the cubic structure in the FM phase [20] . The calculated local magnetic moments in the FM phase are 3:2 B on Fe and 1:0 B on Rh, and in the AFM phase 3:1 B on Fe and 0:0 B on Rh, in agreement with previous theoretical and experimental results [1, 2, 23] .
We have also calculated the spin-resolved and orbitalprojected DOSs for both the AFM and FM phases and these are shown in Fig. S3 of Ref. [20] . In the FM state, both Fe and Rh DOSs exhibit spin splitting, leading to the local moments mentioned above. In the AFM phase, however, the spin components at the Rh site are equal because there is no net local moment. In agreement with results from earlier theoretical studies [1, 13] , significant changes in the DOS are observed in going through the metamagnetic transition, and these span the full valence-band energy range. In particular, major shifts in the spectral weights of the e g and t 2g Fe and Rh d states, which dominate the DOSs, occur at the Fermi level and between 1 and 5 eV. Changes in the s and p orbitals are observed as well, but they are of much smaller magnitude.
In principle, these changes should be visible in the valence-band HAXPES data of Fig. 1(a) , but we first need to consider the relative excitation probabilities of different orbitals, which can first be estimated from differential photoelectric cross sections. At a photon energy of 5.95 keV, the per-electron cross sections for the valence electrons are in ratios Rh 4d:Rh 5s:Fe 3d:Fe 4s ¼ 1:000:1:154:0:089:1:067 [24] [25] [26] , and thus we expect our valence-band spectra will be dominated by the Rh 4d contributions, as well as any Rh 5s and Fe 4s contributions. However, the Fe 3d character should also be indirectly detectable through the strong Rh 4d-Fe 3d hybridization.
In order to more quantitatively simulate the measured HAXPES valence-band spectra including these crosssection effects, we have scaled the orbital-projected DOSs (see Fig. S3 in Ref. [20] ) by the free-atom differential cross sections based on parameters tabulated in Ref. [24] for a photon energy of 5.95 keV, including corrections for the effects of experimental geometry and nondipole effects that begin to play a role at these higher energies [27, 28] . These results are shown in Fig. 2 , and they clearly demonstrate the dominant character of the Rh 4d states on the spectra for both the AFM and FM phases.
In Figs. 1(a) and 1(b) , we now compare the experimental AFM-and FM-phase valence-band spectra with theoretical curves based on a sum of the cross-section weighted densities of states that have then been convoluted with both a Gaussian function of FWHM ¼ 0:23 eV corresponding to the total instrumental resolution and a Lorentzian function of varying FWHM of 0:20 Â ðE À E F Þ to allow for hole lifetime broadening [29, 30] . AFM-FM differences between the spectra of the two phases are also shown, with all major features labeled 1-9 for the experiment and corresponding features labeled 1 0 -9 0 for the theory; the experimental difference is multiplied by 4 to enable better comparison with theory.
The agreement for the differences is remarkable. All of the major peaks and valleys in the experimental AFM-FM difference spectra are reproduced by theory at the correct binding energies and with the correct relative intensities; only feature 2 is stronger in experiment than in theory. Among other observations in both experiment and theory are a small decrease in the DOS at E F (feature 1) that would directly affect heat capacity measurements, additional fine structure near the Fermi level (features 1-3), an energy shift of the two Rh 4d-derived peaks at 1.8 eV and 2.5 eV in the AFM phase (characterized by features 4-7), and a general energy shift of the spectral weight between 4 eV and 7 eV (features 8 and 9). We can readily attribute the approximately fourfold overestimate in theory of the effects in these differences to several factors. First, all of the changes observed experimentally between the AFM and FM phases might be slightly underestimated if the sample was not fully in the FM phase during the high temperature measurement shown here. Second, since this is a ground-state one-electron estimate, the inclusion of many-electron excitations would be expected to create spectral weight at higher binding energies (so-called incoherent peaks), thus reducing the effects seen in experiment. Third, recoil is known in HAXPES to shift energies and broaden features [31] , and these effects are expected to be at the level of 0.03 and 0.06 eV for the masses of Rh and Fe, respectively; this effect also would tend to reduce the expected experimental differences. Finally, our estimate of the variation of lifetime broadening with binding energy may be conservative, with Fermi liquid theory in fact suggesting a quadratic, instead of linear, increase with binding energy [32] . As a closing comment, there is at least qualitative corroboration of features 1 and 2 in the experimental data from Ref. [7] , Fig. 3c , as converted into a similarly normalized difference spectrum, although as noted these measurements will be much more surface and wave-vector sensitive; none of features 3 to 9 are seen in this data however.
The high degree of agreement between experiment and theory allows us to further interpret the AFM-FM transition-induced changes we see in the experimental valence-band spectra [features 1-9 in Fig. 1(a) considering further the theoretical orbital-and spinprojected DOSs (Fig. 2 and Fig. S3 of Ref. [20] ) which have been used to model the photoemission spectra in Fig. 1(b) . For example, feature 1 clearly arises due to the fact that the minority Fe-d (both t 2g and e g ) bands cross the Fermi level in the FM state, but not in the AFM state. This holds true for the Rh DOS as well due to its strong hybridization with Fe [4] ; thus, the DOS in the AFM state is less than that in the FM state close to the Fermi level. Features 8 and 9, on the other hand, result from the spin splitting of the Rh e g states. It can be seen that the AFM-FM transition is accompanied by a shift of spectral weight in the Rh e g states from a binding energy of $5 eV in the AFM phase to $4 eV in the FM phase, most obviously evidenced in the differences between the spin-down spectra. This spectral shift is also observed in the Fe e g states, further indicating strong hybridization of the Fe and Rh orbitals. Feature 7 can be similarly explained by examining the t 2g states. The FM Rh t 2g states show a strong spin splitting that is accompanied by a large reduction in the spin-up DOS at $3 eV; because no such gap appears in the AFM phase, this yields the spectral difference observed in feature 7. This gap also appears in the FM Fe t 2g states.
Since the Fe states near the Fermi level could not be directly probed due to the dominant character of Rh 4d in the HAXPES spectra, the Fe 2p core-level spectra of Fig. 3(a) are useful in providing a truly element-specific probe of Fe. Corresponding theoretical calculations based on the Anderson impurity model (AIM) that is often used to model final state screening and multiplet effects in core spectra, broadened by an estimated experimental plus lifetime contribution of 0.8 eV, are also shown in Fig. 3(b) . These calculations were carried out in a manner selfconsistent with the valence electronic structure results shown in Figs. 1(b) and 2, with further details presented elsewhere [20] . From the projected densities of states of our band structure calculations, we find that the occupied Fe-d spin orbitals are very well described as five spin-up electrons occupying both e g and t 2g states, and one spindown electron in t 2g , that is, ðt 2g "Þ 3 ðe g "Þ 2 ðt 2g #Þ 1 with an overall designation d 65 T 2 . This atomic state thus locally describes the initial electronic state, with the impurity model mixing in other states with one and two ligand screening electrons. Charge fluctuations are accounted for approximately in the cluster model via hybridization with ligand states ( Fig. S3 and Table in [20] ). The line shapes of the calculated spectra are in good agreement with the experimental data, with correspondences seen between features A-C in experiment and A 0 -C 0 in theory. The fact that the satellite C 0 is too sharp and too close to the main line is probably due to the neglect of ligand-field bandwidths. Small differences in experimental line shape are observed between the AFM and FM phases. In particular, the AFM spectra shows a shoulder structure (feature labeled A in experiment) on the lower-binding energy side of the 2p 3=2 peak at 707.5 eV, which gets washed out in the FM phase. Qualitatively the same change is seen in the calculated spectra (feature labeled A 0 in theory). This effect is due to the spin dependence of the core-hole screening through Fe ligand electrons. Since the impurity up-spin states are filled, only down spin ligand electrons can hop to the impurity to screen the core hole in the final state. For Fe ligands, the charge transfer energy of this process is larger by the exchange splitting ($ 3 eV) for antiferromagnetically coupled neighbors (AFM phase) than for ferromagnetically coupled ones. This lowering of the charge transfer energy in the FM state shows up as an enhancement of the spectral intensity at the lowerbinding-energy edge of the 2p 1=2 peak. The enhancement of low energy screening channels is directly related to the strong increase of the Fe DOS at the Fermi level in the FM phase ( Fig. S3 in [20] ). The 2p 1=2 spectrum shows no fine structure in experiment, although theory predicts a doubletlike A 0 and B 0 , but there is a feature at $729 eV in experiment that could be related to that at $727 eV in theory, and to C 0 in origin. We note for comparison that a similar dependence of the line shape on the magnetic state was found in Mn 2p spectra of LaMnO 3 [33] , although the more metallic character of FeRh is expected to make the AIM a less accurate description of such core-level spectra.
FIG. 3 (color online). (a) Experimental
Fe 2p core-level HAXPES spectra collected with a photon energy of 5.95 keV for both AFM and FM phases at sample temperatures of 300 K and 360 K, respectively, and obtained at the same time as the spectra in Fig. 1(a) Thus, in addition to direct experimental confirmation of the Rh valence-band-DOS behavior predicted by the DFT calculations ( Fig. 1) , we also indirectly confirm the change in the Fe-derived DOSs via core-level spectroscopy and AIM calculations which are consistent with the DFT model ( Fig. 3 ).
In summary, through bulk-sensitive valence-band and core-level hard x-ray photoemission measurements, we have demonstrated that the electronic structure of FeRh indeed undergoes qualitative and quantitative changes during the metamagnetic transition from AFM to FM, and that these changes are very well predicted by first-principles DFT calculations. The excellent agreement between theory and experiment for both valence and core spectra further indicates that the electronic structure changes throughout the full valence-band manifold, thus providing a clearer picture through which to understand this transition.
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